Abstract. Vivax malaria is a significant military and civilian health threat in northern Republic of Korea (ROK). Mosquito collections were performed at two ROK army installations, Paju near the demilitarized zone (DMZ) using black light traps in 2011. The DMZ, a 4 km wide border, is the northernmost point of the ROK and separates the ROK from the Democratic People's Republic of Korea (DPRK). Anopheles spp. were identified by polymerase chain reaction and screened for Plasmodium vivax sporozoites. Of 4,354 female Anopheles mosquitoes identified, Anopheles kleini (61.8%) was the most frequently collected, followed by Anopheles pullus (16.0%), Anopheles belenrae (9.0%), Anopheles sinensis (7.4%), Anopheles sineroides (4.2%), and Anopheles lesteri (1.6%). Anopheles kleini, An. pullus, and An. sineroides showed the highest population densities in June, whereas population densities were highest for An. belenrae, An. lesteri, and An. sinensis in August. The maximum likelihood estimation (estimated number of positive mosquitoes/1,000) for P. vivax was highest for An. lesteri (28.9), followed by An. sineroides (23.3), An. belenrae (15.8), An. sinensis (9.6), An. pullus (5.8) and An. kleini (4.2). The seasonal maximum likelihood estimation (MLE) values were variable among Anopheles species. Anopheles belenrae, An. Pullus, and An. sineroides showed the highest seasonal MLE's in July, whereas An. lesteri and An. sinensis exhibited the highest seasonal MLEs in September and An. kleini during August. This is the first report implicating An. sineroides as a vector of P. vivax in the ROK, and extends our knowledge of the distribution and potential role in malaria transmission.
In the Republic of Korea (ROK, South Korea), Plasmodium vivax malaria has been endemic for centuries. 1, 2 In the 1960s and 1970s, active and passive vivax malaria case detection and vector control, which included extensive use of pesticides, were combined in an ambitious eradication project by the ROK government. 1 In the mid-1970s, indigenous transmission cases of malaria were greatly reduced and in 1979, the World Health Organization (WHO) declared the ROK as a malariafree zone. 3, 4 Plasmodium vivax malaria reemerged when two cases were reported in northwestern Gyeonggi Province near the demilitarized zone (DMZ) in 1993. 5 Plasmodium vivax malaria rapidly increased to a high of 4,142 cases by 2000, before declining to 864 cases by 2004. 2, [6] [7] [8] [9] [10] [11] Malaria steadily increased to 2,227 cases by 2007, but decreased to 811 by 2011. 11 Although Anopheles spp. populations are high throughout the ROK, the primary malaria threat has remained in northern Gyeonggi Province near the DMZ where transmission rates are high. [12] [13] [14] Reasons for the concentration of malaria along the DMZ are not well understood, although WHO reported that a malaria epidemic occurred in the Democratic People's Republic of Korea (DPRK, North Korea) shortly after the first case of malaria was reported in 1993 near the DMZ in the ROK, suggesting a parallel outbreak occurred in both countries. 15 Unique conditions in the vicinity of the DMZ, such as the exposure of large numbers of soldiers to malaria parasites and the unmanaged nature of the environment that encourages mosquito breeding, are thought to exacerbate the malaria situation. 3, 16 Of the total number of malaria cases in the ROK, over 40% have been reported among ROK military personnel deployed to Korean army installations located near the DMZ since 2001. 17 The ROK army has managed malaria in high-risk areas by implementing a mass chemoprophylaxis program rather than vector control. To effectively monitor malaria risks, vector-borne disease surveillance is an essential component. A preliminary investigation to identify the seasonal population distributions of Anopheles spp. at two Korean army installations near the DMZ was conducted. High malaria sporozoite rates among multiple species within the perimeter of Korean army installations suggest that alternative preventative measures (i.e., vector control) may effectively reduce malaria risks.
Adult mosquitoes were collected outside barracks at two ROK army installations (37 54 33 N 126 42 40 E and 37 54 14 N 126 42 15 E), malaria high-risk areas near the DMZ using black light traps hung on the barrack walls (Yoshizawa type, black light FL-6w, Shinyoung Co., Seoul, Republic of Korea) weekly from April through October 2011 ( Figure 1 ). The DMZ is 248 km long and 4 km wide, mined, and a heavily fortified zone that divides the Korean peninsula across the 38th parallel that serves as an armistice buffer zone between the ROK and the DPRK. The surrounding area within the DMZ, which is not under wetland rice, consists of forested hills and low-lying unmanaged grasslands (abandoned rice paddies since the end of the Korean War) that flood during rains. The installations are located southwest of Panmumjeom and the Joint Security Area (JSA). Panmumjeom and the JSA, where meetings are held between the ROK and the DPRK governments, are 6.3 km and 2.7 km from the ROK army installations, respectively. The installations were 0.3 km north from a station between the ROK and the DPRK and 2.0 km north from Tongilchon, a small farming village with 400 residents. Approximately 500 soldiers are stationed at each installation, which is surrounded by rice paddies. Mosquito collections were conducted about 0.5 km between the two installations. Black light traps were set 1.5 m above the ground and mosquitoes were collected two times weekly from 18:00 PM to 07:00 AM. The collected mosquitoes were preserved in 100% ethanol and transferred to Korea Centers for Disease Control and Prevention (KCDC) for DNA extraction and species characterization.
Members of Anopheles mosquitoes were identified to species by polymerase chain reaction (PCR) with genomic DNA extracted from single legs of individual adult mosquitoes as described by Wilkerson and others 18 and Li and others. 19 The PCR products were separated on a 2% agarose gel and visualized with Safe-pinky DNA Gel staining solution ( + 10,000) (GenDepot, Houston, TX). Fragment sizes were estimated by comparison to molecular weight standards provided by the 100-bp Ladder Molecular Weight DNA Marker (Bioneer, Seoul, ROK). After mosquitoes were identified to species, the anterior (head and thorax) were separated and pooled (1-10 specimens) and tested using PCR for genomic P. vivax DNA by single step and semi-nested multiplex-PCR (Table 1) . Detection and identification of malaria species were simultaneously performed using a sequence of two (semi-nested) PCRs (Table 2) , 20 and the sizes of the products estimated after electrophoresis on 2% agarose gels and staining with Safe-pinky DNA Gel staining solution ( + 10,000). A Custom Accupower Hotstart PCR premix (100 mM Tris, 15 mM Mgcl 2 , 400 Mm KCl, 1 U Top polymerase, 1 U PPase, stabilizer, and 0.025 dye) (Bioneer, Daejeon, ROK) was used. Known positive and negative samples from previous malaria positive and negative specimens were used as controls. Genomic DNA of P. vivax from blood of malaria patients was used for the known positive samples. Fragment sizes were estimated by comparison to molecular weight standards provided by 100-bp Ladder Molecular Weight DNA Marker (Bioneer).
A total of 5,025 female mosquitoes, Anopheles spp. (4,354) and culicines (671), composed of six genera and 15 species, were collected at two ROK army installations from May through October (Table 2) . Overall, Anopheles spp. made up 86.6% of the collections, of which Anopheles kleini Rueda predominated (61.8%), followed by Anopheles pullus Yamada (16.0%), Anopheles belenrae Rueda (9.0%), Anopheles sinensis Wieldemann (7.4%), Anopheles sineroides (4.2%), and Anopheles lesteri Baisas and Hu (1.6%). No Anopheles koreicus Yamada and Watanabe, and Anopheles lindesayi japonicus Yamada were collected. The seasonal distribution of each of the Anopheles species was variable. Relatively low numbers of Anopheles mosquitoes were collected in May when trapping was initiated, sharply increased during June, but decreased during July. The reduction in population density during July may have resulted from heavy monsoon rains (1,093.1 mm), which accounted for over 50% of total rainfall (2,063.3 mm) during 2011 ( Figure 2 ). Anopheles populations increased in August but sharply decreased in September and October caused by the onset of cooler temperatures. To effectively manage malaria in the ROK army, multi-year data on geospatial and seasonal distribution patterns of Anopheles mosquitoes are required. Rueda and others 21 and Kim and others 22 reported the monthly distribution of Anopheles species larvae at an adjacent study site that was similar to our data, which indicates the importance of multi-year data of mosquito collections based on remote sensing ecological measurements.
Of 544 pools of Anopheles mosquitoes, 30 pools (5.5%) were positive for P. vivax with an overall maximum likelihood estimation (estimated number of P. vivax DNA-positive mosquitoes per 1,000) of 7.1. The MLE was calculated using PooledInfRate (Biggerstaff, CDC, www.cdc.gov/ncidod/ dvbid/westnile/software.htm). Previous reports have shown the annual MFIR ([number of positive pools/number of female mosquitoes] + 1,000) for flavivirus infections in mosquitoes, [23] [24] [25] which estimates the lower bound of the infection rate, whereas MLE estimates infection rates itself. 26, 27 The MLE for each Anopheles spp. was highest for An. lesteri (28.9), followed by An. sineroides (23.3), An. belenrae (15.8), An. sinensis (9.6), An. pullus (5.8), and An. kleini (4.2). Although An. lesteri showed the highest MLE, population densities were very low. 28 However, in other areas of the northwestern part of the ROK, higher population densities of An. lesteri are reported. 29 The MLE of An. kleini was the lowest among six of the Anopheles species, despite a high number of P. vivax DNA-positive pools. The reason for this is that An. kleini showed higher population densities compared with other Anopheles species. Preliminary data also suggests that An. kleini may be a principal vector of P. vivax malaria near the DMZ, 10 as laboratory studies found that An. kleini produced many sporozoites. 29 Seasonal MLE's of Anopheles mosquitoes increased from June to September. All six species of Anopheles collected were positive for P. vivax, and this is the first report of vivax-positive An. sineroides in the ROK, which also showed high MLE values from June to August. The MLE for An. belenrae (63.1) and An. pullus (9.5) were the highest in July, highest for An. kleini (6.5) and An. sineroides (50.7) in August, and highest for An. lesteri (205.9) and An. sinensis (21.9) in September (Table 3) .
Vector control as part of an effective malaria management program in the ROK army requires a better understanding of vector species distribution, population densities, anthropophilic behavior of vector species, malaria infection rates, in addition to vector potential. Six Anopheles mosquito species of the Hyrcanus group in the ROK are potential vectors of P. vivax. However, primary vector mosquito species are affected by their geospatial and seasonal distribution, in addition to other factors relating to human attraction and exposure. Data that provides accurate ecological factors of potential vector populations in areas where human exposure is greatest is needed. Furthermore, KCDC assets, i.e., Korea National Institutes of Health (KNIH) and Quarantine stations, must be augmented, when possible, with the United States preventive medicine assets, i.e., Medical Detachments, universities, and the Armed Forces Health Surveillance Center, to provide more timely and accurate analysis of information and effective protection for Korean military and civilians near the DMZ. These data provide the Korean army and civilians near the DMZ with a more precise disease risk analysis, in addition to recommendations for instituting effective vector control and disease reduction strategies. 
